To gain insight into the mechanism of sarcopenia and the protective effect of melatonin, the gastrocnemius muscles of young (3-4 months), early-aged (12 months), and old-aged (24 months) wild-type C57BL/6J female mice were examined by magnetic resonance and microscopy. Locomotor activity, lactate production, and nuclear apoptosis were also assessed. The results support the early onset of sarcopenia at 12 months of age, with reduction of muscle fiber number, muscle weight/body weight ratio, lactate, and locomotor activity. Lipid droplet infiltration and autophagosomes were also detected. These changes driven little effects on the early-aged muscle, but they got worse in old-aged animals by the progressive damage of the muscle. Old-aged muscle showed a reduction of the mitochondrial number, a destruction of the mitochondrial cristae, and swelling. Tubular aggregates and nucleic acid fragmentation were the most striking findings in old-aged muscle, reflecting a broad damage with loss of autophagy efficacy. Oral melatonin administration conserved the normal muscular architecture, weight, muscle fiber number, and activity in the old age; it stimulated lactate production, prevented mitochondrial damage and tubular aggregates, and reduced the percentage of apoptotic nuclei in aged muscles. Altogether, gastrocnemius muscle showed age-mediated signs of sarcopenia that were reduced by melatonin treatment.
Aging courses with progressive loss of mass and contractile force of the skeletal muscle, causing a decline in muscle function and resulting in a major effect on life's quality (1) . Accumulation of genetic damage and mutations in aged mitochondrial DNA (2) underlie these changes.
Sarcopenia describes the reduction of muscle strength and mass that takes place with healthy aging. This phenomenon was widely observed during mammalian aging (3) (4) (5) (6) , and it can lead to increased morbidity and mortality (7, 8) . Although the etiology of sarcopenia is not clearly defined, a number of mechanisms involved in this phenomenon have been suggested; these include denervation of skeletal muscle fiber; increased levels of nuclear apoptosis; enhanced oxidative stress, altered hormonal environment, and increased inflammation (9) (10) (11) . Progressive losses of motor neurons and terminal axons are proposed to be the main contributor in the aging muscle impairment (12) . Terminal axon loss has been reported in muscles of both humans (13) and rats (14) .
Melatonin, or N-acetyl-5-methoxytryptamine (aMT), is a hormone that, besides in the pineal gland (15) , is widely produced by most of the organs and tissues of the body, including the skeletal muscle (16) . In addition to its involvement in the control of various physiological functions of the body, melatonin exhibits powerful antioxidative and anti-inflammatory effects (17) (18) (19) . The main intracellular target of melatonin is the mitochondria, where it boosts their bioenergetic properties, reduces the formation of free radicals, and enhances the production of ATP in both normal and pathological conditions (20) (21) (22) (23) (24) . Melatonin administration also maintains the integrity of muscle mitochondrial function during aging (25, 26) and improves the redox status in resistance-training athletes (27, 28) .
We previously observed morphological markers of sarcopenia in the gastrocnemius muscle (GM) of mice at the early stage of aging. Among these, the presence of centrally located nucleus in muscle fibers, increase of skeletal muscle fiber area, reduction of type II muscle area percentage, and increase of number and cross-sectional area (CSA) of the intermyofibrillar (IMF) mitochondria were reported in 12-month-old mice (29) .
Thus, to have a better understanding of the mechanisms underlying the progress of sarcopenia during aging, as well as the protective effect of melatonin, we evaluated here the age-mediated changes in the muscular mass, locomotor activity, lactate production, and ultrastructure of the GM of the mice from 3 to 24 months of age with and without melatonin treatment.
Materials and Methods

Animals
Wild-type C57BL/6J female mice were purchased from Harlan Laboratories (Barcelona, Spain), maintained in the Granada University's facility with controlled temperature (22°C ± 1°C) and light:dark cycle (12-hour light/12-hour dark cycle, lights on at 08:00 am) and with a standard rodent chow and tap water ad libitum. All experiments were performed in accordance with the University of Granada's Ethical Committee (CEEA 462-2013) ; the directive 2010/63/EU of the Spanish Protection Guide for Animal Experimentation (R.D. 53/2013); and the European Convention for the Protection of Vertebrate Animals used for Experimental and Other Scientific Purposes (CETS # 123). The animals were divided into the following five groups (n = 10 animals per group): (a) mature young (Y, 3-4 months), (b) early-aged (EA, 12 months), (c) early-aged with melatonin (EA + aMT), (d) old-aged (OA, 24 months), and (e) oldaged with melatonin (OA + aMT) mice. The rodent chow contained melatonin at a concentration that allowed a daily intake of 10 mg/ kg bw/mouse for 2 months before sacrifice. Although some reports showed that C57/BL6 mice could be considered melatonin-deficient mice (30, 31) , we and others showed that they produce melatonin from pineal and extrapineal tissues. Besides, C57/BL6 mice have been used in other experiments and they respond well to melatonin therapy (32, 33) . So, this mice strain is suitable for the purpose of this study.
Magnetic Resonance Imaging and In Vivo Lactate Spectroscopy
The magnetic resonance experiments were conducted with a smallanimal horizontal 7 Tesla USR Bruker BioSpec TM 70/20 USR magnet (Bruker Española, S.A., Madrid, Spain). Before imaging, mice were anesthetized with isoflurane (1.5% in air), and the breathing rate was monitored using an air balloon placed on the top of the lungs (SA Instruments, Inc., New York, NY). The respiration rates between mice were similar for every experiment. For GM imaging, axial T2-weighted images were acquired using rapid acquisition with relaxation enhancement (T2 Turbo RARE) sequence (TR/TE eff = 950/24 ms, matrix size = 256 × 256, rare factor = 8, field of view = 40 × 40 mm 2 , 12 slices, slice thickness = 1 mm, averages = 1). For in vivo lactate spectroscopy, multislice spin-echo and T2-weighted anatomical images were obtained. A single voxel with dimensions of 3 × 3 × 3 mm 3 was placed within the muscle, and a spectrum was acquired using a PRESS sequence with the following parameters: repetition time, the time between each initial excitation of the magnetization (TR) = 2,500 ms, echo time, the time the magnetization is in the transverse plane after an excitation before signal readout (TE) = 35 ms, number of averages = 256.
Assessment of the Locomotor Activity
The locomotor activity behavior (total distance, resting time, and mean speed) of the experimental animals was studied by the means of an open-field test. It consisted of a square area in a ground space of 25 × 25 × 25 cm, with opaque walls, so that the animals could not see the room. Each mouse was placed in the center of the square arena at 9 pm under red light exposure, and its movement was monitored through the SMART video-tracking system (Harvard Apparatus Panlab, S.L., v.3.0.03, Barcelona, Spain). Animals were placed for 30 minutes after an adaption period of 30 minutes. Distance moved (centimeter), resting time (%), and mean speed (centimeter per second) of each mouse were quantified. Digital images representing the maps of the locomotor activity were acquired.
The speed and fatigue (running distance and time of exhaustion) were tested by using a treadmill system (Panlab LE 8710 Treadmill control, Barcelona, Spain). Because behavioral variability between individuals of the same group is high, the environmental variables must be constant throughout the study (light, humidity, background, and noise) as well as time, age, and the sex of the animal. Before experiments with treadmill, the animals were prior adapted for 3-5 days at a constant rate of 9 cm/s for 20 minutes to become familiar with the apparatus. At the day of experiment, the body weight of the animals was measured, and the apparatus speed was initially adjusted at 9 cm/s for 5 minutes and then the speed was increased 2 cm/s every minute until the mouse reached exhaustion. (The point of exhaustion was considered when the mouse stopped running on the treadmill for more than 10-20 seconds.) The animals then were rested for 1 week before sacrificing.
Calculation of Frailty Index
A clinical frailty index (FI) has been proposed and validated in animals including mice and primates that correlates with the human index (34) (35) (36) (37) (38) . Accordingly, and using the clinical criteria used in humans (39, 40) , we calculated the FI index from the variables weight = muscle weight/body weight ratio; endurance = exhaustion time and resting time; slowness = mean speed, and physical activity = total distance and traveled distance. Mean ± SD values for each parameter were recalculated (data in Supplementary Figure 3 are expressed as the mean ± SEM) as shown in Supplementary Table 1 . The data corresponding to the young group (Y group) were used as reference values, and frailty index was calculated as follows: the data that differed by ±1 SD with respect to the reference group were given a frailty index of 0.25; those that differed by ±2 SD received a frailty index of 0.5; values over ±3 SD were given a value of 0.75, and those above ±3 SD received the maximal value of 1. The values for each group were summed and divided by the number of items analyzed, given the final FI score. Because melatonin treatment improved the scores in the variables used, the individual frailty indexes calculated for these groups were given a negative value when they were above the value of the reference group (Y group) and a positive value when they were below the reference. So, increasing FI means a deterioration of the animals with age, and decreasing (negative) FI means an improvement of the physical condition of the animals, compared with Y group.
Tissue Preparation for Histological Procedures
Mice were weighted and anaesthetized by intraperitoneal injection of equithesin (1 mL/kg) and transcardially perfused with warm saline followed by a solution of freshly prepared trump's fixative (3.7% formaldehyde plus 1% glutaraldehyde in saline buffer). The GM was removed at its origin and insertion, and excess of connective tissue was dissected. The muscle was weighted and fixed in the resting length in the trump's fixative; the right muscle was divided into two halves at the mid-belly and immersed in Bouin's solution for histological examination, and small pieces from the left GM were processed for transmission electron microscopy analysis.
Proper fixed cross and longitudinal samples from the studied GM were extensively washed in ethanol 70% (3 × 24 hours) to remove fixative; then, the specimens were dehydrated in ascending graded concentrations of ethanol, cleared in xylene, and embedded in paraffin wax. Sections of 4 µm thick were cut with an SLEE Mainz Cut 5062 microtome, dewaxed in xylene (2 × 30 minutes), rehydrated in a descending series of ethanol (100%, 95%, 80%, and 70%), and washed with distilled water. The sections were stained with hematoxylin and eosin stain for general histological examination (41) and with Van Gieson stain (42) and Crossmon's trichrome stain (43) for differentiation of connective tissue and muscle fibers. After staining, the sections were dehydrated again in an ascending series of ethanol (70%, 95%, and 100%), cleared in xylene (2 × 10 minutes), and mounted with DPX. The sections were examined, and digital images were acquired using a Carl Zeiss Primo Star Optic microscope and a Magnifier AxioCamICc3 digital camera (BioSciences, Jena, Germany).
Fluorescent Detection of Apoptotic Nuclei
For demonstration of apoptotic nuclei, 4-µm-thick paraffin sections were dewaxed in xylene, rehydrated in a descending series of ethanol, and washed with distilled water. The sections were air-dried and rinsed in phosphate-buffered saline 1× (2 × 5 minutes) and stained with 33258 Hoechst dye (H6024, Sigma-Aldrich, Madrid, Spain) for 1 hour. Following staining, the sections were washed in phosphate-buffered saline 1× (5 × 5 minutes), air-dried, mounted, examined with LEICA DM5500B fluorescent microscope, and detected the apoptotic nuclei ratio. Hoechst dye is a fluorescent dye that penetrates the nucleus of a cell and binds to DNA. When viewed under a light at near 350-nm wavelength, the dye emits blue fluorescent light that effectively makes the DNA in the nucleus visible (44) .
Transmission Electron Microscopy
Fresh small pieces of GM were fixed in a 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) and then postfixed in the same buffer containing 1% osmium tetraoxide plus 1% potassium ferrocyanide for 1 hour. The samples were then passed on 0.15% tannic acid for just 50 seconds, incubated in 1% uranyl acetate for 1.5 hour with shaking, dehydrated in ethanol, and embedded in resin. Ultrathin sections (65 nm thick) were cut by a Reichert-Jung Ultracut E ultramicrotome, double stained with uranyl acetate and lead citrate (45) , and examined on a Carl Zeiss Leo 906E electron microscope.
Morphometrical Analyses
Morphometrical measurements of the CSA, perimeter, and Feret's diameter of the individual skeletal muscle fibers were obtained from the images of Grossmon's trichrome-stained paraffin cross sections acquired by optic microscope at a ×40 objective magnification, whereas the total number of skeletal muscle fibers was obtained from the images of Van Gieson-stained paraffin cross sections taken at a ×10 magnification. Analysis of IMF mitochondrial number was applied on images of transmission electron microscopy on area measured 7,790 nm width and 5,929 nm height, and analysis of subsarcolemmal (SS) mitochondrial number was detected on area measured 5,249 nm width and 3,995 nm height. All these measurements were performed using Image J processing software.
Statistical Analyses
All statistical analyses were performed using Prism 6 software package (GraphPad, La Jolla, CA), and the data presented as mean ± SEM of n = 5 animals per group. One-way analysis of variance was used for statistical comparisons, and differences were considered significant when p < .05. For in vivo lactate spectroscopy, intraclass correlation estimates and their 95% confidence intervals were calculated using SPSS statistical package version 24.0 (SPSS Inc., Chicago, IL). Before analysis of in vivo lactate spectroscopy, a reliability study to evaluate its test-retest reliability was performed. The study was carried out in 10 mice, and measurements were repeated three times for each mouse. These data were analyzed using a single-measurement, absolute-agreement, two-way mixed-effects model, reporting an intraclass correlation of .88 with 95% confident interval and concluding that the test-retest reliability for this method is good.
Results
Magnetic Resonance Examination and In Vivo Lactate Spectroscopy
Magnetic resonance imaging on wild-type mice of different ages revealed a clear age-related decline in the CSA of the leg region (young mice [Y], 3.7 ± 0.2 mm; early-aged mice [EA], 3.1 ± 0.3 mm; and old-aged mice [OA], 2.5 ± 0.2 mm muscular diameter, p < .05). Melatonin supplementation diminishes the loss of muscle area in the early-aged muscle (EA + aMT, 3.3 ± 0.1 mm), but not in the old-aged muscles (OA + aMT, 2.5 ± 0.4 mm; Supplementary Figure 1) .
In vivo lactate spectroscopy, the findings on the GM of the young (Y), early-aged (EA), and old-aged animals (OA) illustrated an age-mediated reduction in the production of lactate, reflecting that anaerobic respiration activity decreases with aging. This reduction was countered by melatonin that stimulated lactate production (Supplementary Figure 2) .
Behavioral Analysis
Recordings of the locomotor activities are depicted in Supplementary  Figure 3 . In video-tracking open-field test, young animals (Y) and early-aged animals (EA) revealed no changes in the total distance, resting time, and mean speed. By contrast, old-aged (OA) animals moved to a shorter distance, with longer resting time, and lower mean speed (Supplementary Figure 3A) . Melatonin supplementation increased the total distance moved and the mean speed, with reduction of the resting time in both early-and old-aged animals). These changes are clarified in the acquired maps of the movement activity (Supplementary Figure 3B) . In the treadmill test, early-aged animals traveled to a longer distance and resisted the exhaustion for a longer time than young animals. At the old age, the animals moved to a shorter distance and became exhausted faster. These latter changes were reversed, and the activity was enhanced by melatonin (Supplementary Figure 3C) .
Anthropometric Analysis of Body Weight and Muscle Weight With Aging
Body weight and GM weight increased with age ( Supplementary  Figure 4) . Body weights (Supplementary Figure 4A) of young, early-aged, and old-aged animals were 21.6 ± 0.47, 28.88 ± 0.41, and 31.82 ± 0.46 g, respectively (p < .05), whereas muscle weights (Supplementary Figure 4B) were 139.5 ± 1.45, 148.1 ± 3.03, and 164.6 ± 2.15 mg, respectively (p < .05). The ratio of the muscle weight to body weight (Supplementary Figure 4C) , however, decreased significantly with age, from 0.65% in young animals to 0.55% in earlyaged animals and 0.52% in old-aged animals (p < .05).
Melatonin supplementation increased the body weight of the early-and old-aged animals (30.20 ± 0.47 and 33.3 ± 0.33 g, respectively, p < .05), with induction of muscle weight increase in early-aged mice (168.8 ± 0.67 mg, p < .05) and old-aged mice (180.1 ± 0.38 mg, p < .05). In addition, melatonin treatment induced the ratio of muscle weight to body weight in both early-and oldaged muscles (0.58% and 0.55%, respectively, p < .05).
FI Index
The frailty index calculated for each group of age compared with the young (Y) group is shown in Supplementary Figure 5 . Age enhances the FI index, which was significantly elevated in OA animals compared with young animals (0.58, p < .05). Treatment with melatonin recovered the age-dependent physical impairments in both EA and OA groups of mice.
Light Microscopical Changes of the Gastrocnemius Muscle in Young Mice
Muscles of the young wild-type mice (Y) showed a normal structure of muscle fibers that arranged in bundles, separated by a narrow perimysium (P) and endomysium (e), supporting blood capillaries (BC) and nerve fibers (Ne; Supplementary Figure 6A-C) . Skeletal muscle fibers of both early-aged (EA; Supplementary Figure 6D -F) and oldaged (OA; Supplementary Figure 6G-I) animals showed age-related changes including hypertrophy of the muscle fibers, increasing the endomysium and perimysium spaces with abundant collagenous tissue (Col) infiltration, as well as a centrally located nucleus in 24% of the fibers of the early-aged animals, which increased to about 38% in the old-aged animals. In old-aged mice, large irregular damaged areas were observed within the muscle fibers.
Melatonin administration revealed a protective effect on the muscle fibers of both early-aged mice (Supplementary Figure 6J-L) and old-aged mice (Supplementary Figure 6M-O) . The fibers conserved their normal architecture with the nucleus located peripherally, narrow interstitial spaces, and less collagenous tissue accumulations. Moreover, the internally damaged areas of muscle fibers were missed in the protected aged groups.
Age-Related Morphometrical Changes of Individual Muscle Fiber
Aging induced the increase of individual muscle fiber CSA (Supplementary Figure 7A) Figure 7B) and Feret's diameter (Supplementary Figure 7C) Figure 7D) from 5,848 ± 183 in young animals to 5,178 ± 52 in early-aged animals and 3,881 ± 90 in old-aged animals (p < .05).
Melatonin administration countered the increase of muscle fiber CSA in early-aged animals (1,683 ± 64.66 µm 2 ) and old-aged animals (1,436 ± 95.94 µm 2 , p < .05), with reduction of muscle fiber's perimeter and Feret's diameter in early-aged animals (172 ± 1.77 and 60.07 ± 0.85 µm, respectively, p < .05) and in old-aged animals (161.6 ± 4.89 and 59.70 ± 2.42 µm, respectively, p < .05). Interestingly, melatonin treatment slightly increased the muscle fiber number in the early-aged muscle (5,620 ± 1,742) and highly stimulated muscle fibers number in the old-aged muscle (5,045 ± 181, p < .05).
Age-Induced Ultrastructural Changes in Gastrocnemius Muscle
Electron microscopy examination of the young GM demonstrated a normal architecture with the organization of muscle fibers into bundles and the nucleus (N) of the fibers located peripherally ( Figure 1A ). The myofibril (Mf) composition of the individual fibers, consisted of both thick myosin and thin actin filaments, is shown. Moreover, the IMF distributions of the sarcoplasmic reticulum (SR) and mitochondria (M) can be also observed ( Figure 1B) . Furthermore, the longitudinal striations of the skeletal fibers were clearly depicted in the Mf of the young animals, illustrating the arrangements of the myofilaments in the anisotropic (A-band) and isotropic bands (I-band), as well as associated IMF components of mitochondria (M) and SR ( Figure 1C ).
In the early-aged animals, some skeletal muscle fibers showed a normal structure of the Mf with the nuclei (N) presented peripherally ( Figure 2A) . However, some fibers demonstrated centrally located nuclei ( Figure 2B ). Among other changes observed in this stage, it can be noted an increase of lipid droplet (L) infiltration lodged between the mitochondria (M; Figure 2C ) and near the nucleus (N; Figure 2D ), with appearance of few peripherally positioned multivesicular bodies described as autophagosomes, which were closed to the mitochondria, nucleus, and also under the sarcolemma ( Figure 2E and F) .
In the old-aged muscle, some fibers were found normally with a few IMF mitochondria showing cristae damage ( Figure 3A ). In addition, some fibers illustrated sarcomeres disorganization ( Figure 3B) ; excessive collagen matrix ( Figure 3C) ; severely damaged mitochondria with a destructed cristae ( Figure 3C and F) ; and centrally located nucleus with accumulation of glycogen droplets (G; Figure 3D ). The detected autophagosomes in the early-aged muscle were much more numerous in the old-aged mice on both IMF and SS positions (Figures 3E-H) . Concentric arrangements of the smooth endoplasmic reticulum were also peripherally apparent ( Figure 3I ).
Interestingly, electron microscopy illustrated the irregular damaged areas that were observed in the old-aged muscles by light microscopy. These abnormalities were detected beneath the sarcolemma ( Figure 4A ), in the center of the muscle fibers ( Figure 4A and B) , and also close to the nucleus ( Figure 4C ), which are centrally located. By higher magnification, these areas showed presence of differently oriented membranous tubular aggregates (TAs; Figure 4B ), with some of these tubules with a central core ( Figure 4I ). Among the structures sharing the formation of these aggregates, were SR, mitochondria, and smooth endoplasmic reticulum ( Figure 4D and E) . Connections between the mitochondria and SR at the peripheral regions of TAs were identified ( Figure 4F ). Some damaged areas revealed dissociation of the TAs ( Figure 4G ) and formation of the multivesicular bodies ( Figure 4H ).
Electron microscopy examination of the protective effects of melatonin treatment was clearly apparent in both early-aged ( Figure 5A -C) and old-aged ( Figure 5D-F) muscles. Melatonin kept normal or less damaged muscle fibers architecture with aging. The fibers were observed with normally positioned nuclei, Mf organization, sarcoplasmic arrangement, and normally compacted mitochondria, with few damaged cristae. The formation of the TAs was not observed under melatonin treatment.
Morphometrical analysis shown in Supplementary Figure 8 revealed no significant changes in the number of IMF and SS mitochondria in the early-aged muscles (25 ± 1.2 and 23 ± 1.25, respectively, in young animals vs. 26 ± 1 and 27 ± 1.3, respectively, in early-aged animals). In old-aged muscle, there was a significant decline in the number of IMF mitochondria (16 ± 1.3, p < .05) and SS mitochondria (14 ± 1.2, p < .05). Melatonin treatment reported no changes in the early-aged animals (26 ± 1.17 and 27 ± 1.30 in IMF and SS mitochondria, respectively), and maintained higher IMF (21 ± 1, p < .05) and SS (20 ± 1.23, p < .05) mitochondrial number in the old-aged mice.
Hoechst Analysis of the Apoptotic Nuclei
The nuclei of the skeletal muscle of the young animals (Y) as shown by Hoechst fluorescent detection revealed normal appearance (Supplementary Figure 9A) . With aging, some nuclei showed signs of chromatin condensation and fragmentation of the nucleic acid, which were clearer in the old-aged muscles (Supplementary Figure 9D) than those of the early-aged muscles (Supplementary Figure 9B) . Moreover, aging induced a progression in the percentage of the apoptotic nuclei that was reduced by melatonin administration (Supplementary Figure 9C and E).
Discussion
Aging is associated with a progressive and irreversible decline in the functions of the body as a result of biochemical and morphological changes (46) . Among these alterations, skeletal muscle is one of the most strikingly affected tissues with age, resulting in loss of muscular mass and strength, a phenomenon identified as sarcopenia, which is accompanied by morphological changes that influence muscle function (5-7). In this regard, about 40% of the human muscle is wasted from 20 to 80 years of age, associated with muscle strength decline (47) . The etiology of the sarcopenia is still unclear, but several mechanisms depending on muscle atrophy and fiber loss have been proposed (9, 48) . Our results confirmed the muscular atrophy with age, with a clear age-related reduction in the CSA of the leg region identified by magnetic resonance imaging (29) .
Oxidative muscle fibers (type II) are metabolically suited for lactate oxidation, and they have a greater capacity for sarcolemmal lactate transport than do glycolytic muscle fibers (type I) (49) . Thus, lactate production reflects the balance between aerobic versus anaerobic metabolism, and its levels in the muscle may yield important information regarding the changes in muscle fiber's composition and metabolism during aging. Moreover, lactate crosses membranes in skeletal muscle through several monocarboxylate transporters (MCT1-4) ; specifically, MTC1 is correlated with the uptake of lactate from the circulation and the oxidative capacity of skeletal muscle. Training enhances MCT1 and lactate transport to the muscle, whereas aged muscle had a reduction in MCTs and, thus, diminished the lactate levels and increases fatigue in skeletal muscle (50) . By in vivo spectroscopy, we detected a reduction in the ratio of lactate absorbance in the mouse GM with age, which agree with the marked loss of the locomotor activity and fatigue with age here reported. However, other study (51) reported an increase in plasma lactate levels in wild-type and dwarf mice from 3 to 12 months, followed by its reduction at 18 months of age.
Maintenance of skeletal muscle mass and quality has a substantial role in prevention of age-related decline in metabolic function and physical frailty (52) . The association between low muscle mass and functional decline seems to be a function of underlying muscle strength (53) , which was demonstrated as a marker of muscle quality that is more important in estimating mortality risk (54) . The qualitative change observed in skeletal muscle appears to be related to muscle structure and composition (55) .
To gain insight on how changes in locomotor activity, skeletal muscle mass, and lactate reflect the progress of sarcopenia, light and electron microscopical analyses were performed. In mice of 12 months of age, that is, early-aged animals, we previously detected a loss of the muscle fibers and a compensatory increase in the average fiber's area, which was extended to both fiber types in the GM (29) . We report now that 24-month-old mice had an excess of accumulated collagenous tissue in the perimysium of GM (56), a sign of fibrosis. This collagen accumulation could have two important significances in the aged muscle: (a) the consequent increase of the extracellular matrix, which reduces the lateral force transmission of the muscle (57) , and (b) the increase of extracellular water in detriment of the intracellular water, which may underline the finding that the relative expansion of the former correlates with the reduced muscle performance with age (58) .
The presence of centrally located nuclei described in early-aged mice (29) further increased in the muscle of old-aged mice, which might be a critical sign of fiber's degeneration and regeneration (29, 59) . These changes were accompanied by high percentage of apoptotic nuclei, which was suggested to participate in the onset and progress of sarcopenia (9, 10) .
Numerous studies correlated aging with mitochondrial impairment (60) . By electron microscopy, our data confirmed the increased lipid droplets, mitochondrial aggregates, and mitochondrial structure damage, which appears swollen with destructed cristae and matrix vacuolization. These findings are indicators of cell senescence (61) and support the loss of the normal mitochondrial function with age elsewhere reported (25, 26) . These studies revealed an age-dependent mitochondrial oxidative damage in cardiac and diaphragmatic muscles of mice, accompanied by a reduction in both the electron transport chain activity and ATP production.
Damaged mitochondria are under selective sequestration and fragmentation by autophagy/mitophagy, although abnormal mitophagy due to increased mitochondrial fragmentation initiates apoptotic processes and cell death. Our results show the formation of autophagosomes as multivesicular bodies, reflecting the induction of the autophagic processes in the GM at early and old stages of age. Autophagy displays cellular component degradation visible within the intact dying cell in autophagic vacuoles, with morphological features of vacuolization and degradation of cytoplasmic contents, and chromatin condensation; these autophagic cells can also be phagocytosed. The autophagic/mitophagic capacity declines during aging, causing accumulation of reactive oxygen species produced by dysfunctional mitochondria and resulting in activation of the NLRP3 inflammasome and induction of low-grade inflammation in several tissues accelerating the aging process (19, 62) . Moreover, the extensively damaged mitochondria by reactive oxygen species in aged skeletal muscle causes cytoskeleton reorganization, DNA damage, nuclear structure disruption, and disintegration of the cell into apoptotic bodies, leading to cell death (63) .
Among the striking ultrastructural changes in the GM of the oldaged animals, the severe damage of the fibers with the aggregations of tubular-like inclusions (TAs) is noticeable. These aggregations were visible in the center of the fibers and peripherally beneath the sarcolemma. Although the exact mechanism underlying TA formation and function in skeletal muscle is still unclear, previous studies revealed that TAs arise from the components of the SR in skeletal muscle of almost all normal inbred mice strains in relation to both sex and age (64, 65) , and they suggested that TA results from reshaping of SR caused by misfolding and aggregation of membrane proteins (66) . Another study on GM of CK −/− mice revealed the presence of mitochondrial enzymes in TAs, suggesting the participation of both mitochondria and SR in the formation of TAs (67) . Our results confirmed the dual mitochondrial and SR origin of TAs, revealing the implication of damaged mitochondria and SR in the formation of the TAs, with connections between the mitochondria and TAs were demonstrated.
Melatonin, an indoleamine produced by both pineal and extrapineal tissues (16) , exerts important antioxidant and antiinflammatory functions (15) , protecting the cell and boosting the mitochondrial bioenergetic capacity (18, (20) (21) (22) 68) . Melatonin improves the muscle function and reduces the oxidative stress and inflammation in athletes (27, 28, 69) and recovers mitochondria from several injuries (19, 23, 24) . The dose of 10 mg/kg/melatonin used here, has also proven significant anti-aging benefits in SAM mice (25, 26) . We previously reported that the therapeutical doses of the melatonin range from 5 mg to 50 mg/kg bw (70) . In this study, and using the human equivalent dose formula, we calculated that 10 mg/ kg in rats correspond to 1.62 mg/kg for an adult of 60 kg bw, which is about 97.3 mg/d. Doses 50 mg to 300 mg/d have been used in some clinical studies, showing important benefits and absence of side effects (71) (72) (73) . So, a clinical trial with 50-100 mg/d melatonin in patients with sarcopenia should be suggested.
Importantly, melatonin administration prevents the age-dependent mitochondrial changes in aged mice (25, 26) . We then decide whether these properties of melatonin may also account for the protection against age-dependent GM alterations. Our results showed that melatonin administration conserved the muscle fiber number as well as muscular mass and activity in aged animals, with induction of lactate production. Also, melatonin reduced the interstitial spaces and collagenous tissue infiltration, as well as the percentage of apoptotic nuclei in the aged muscles, reflecting the anti-inflammatory and antioxidative properties of melatonin (16) . The beneficial effects of melatonin extent to maintain the normal architecture of mitochondria, SR, and Mf. Melatonin also recovers the normal autophagy process, thus avoiding the age-mediated muscle fiber damage, mitochondrial changes, and apoptosis (68) . These findings confirmed the protective effect of melatonin on prevention of mitochondrial impairment, reduction of oxidative stress, autophagic alterations, and chronic low inflammation, which may account for the reduction of sarcopenic changes in patients (74) . In supporting the utility of melatonin reported here, previous data showed that pinealectomized rats had skeletal muscle mitochondrial impairment and insulin resistance due to the inhibition of CREB-PGC-1 alpha pathway, whereas melatonin treatment recovered mitochondrial function via activation of CREB-PGC-1 alpha pathway (75) .
It is clear from our data that GM of C57/BL6 mice displays significantly age-mediated behavioral, ultrastructural, and functional changes that clarify the onset of the sarcopenia at the early stage of age, and its progression with age, ending with marked sarcopenia that underlies a fragile condition. Melatonin behaves as an excellent protective strategy against age-dependent sarcopenia. This may be summarized in (a) the early protective effect of melatonin against age-mediated atrophy of the muscular area of the leg with aging that supports loss of the muscle mass; (b) the conservative effect of melatonin against the age-associated reduction in the locomotor activities, muscle fibers number, and lactate production, which reflects the subsequent loss of muscular strength and function in aged mice; (c) the preservative effect of melatonin in avoidance of the centrally located nucleus and increase of collagenous tissues matrix that indicate muscular degeneration and inflammation in advanced age; (d) the protective effect of melatonin against appearance and accumulation of autophagosomes that reveal autophagic process induction as a result of damaged and dysfunctional mitochondria; and (e) the beneficial effect of melatonin against TA formation that may be indicator of muscular denervation and/or myopathy.
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